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a b s t r a c t

The importance of methanotrophic microorganisms in the sediment and water column for balancing
marine methane budgets is well accepted. However, whether methanotrophic populations are distinct
for benthic and pelagic environments or are the result of exchange processes between the two remains
an area of active research. We conducted a field pilot study at the Rostocker Seep site (Coal Oil Point seep
field, offshore California, USA) to test the hypothesis that bubble-mediated transport of methane-oxi-
dizing microorganisms from the sediment into the water column is quantifiable. Measurements included
dissolved methane concentration showed a strong influence of methane seepage on the water-column
methane distribution with strongly elevated sea surface concentrations with respect to atmospheric
equilibrium (saturation ratio �17,000%).

Using Catalyzed Reporter Deposition Fluorescence In Situ Hybridization (CARD FISH) analysis, aerobic
methane oxidizing bacteria (MOB) were detected in the sediment and the water column, whereas
anaerobic methanotrophs (ANME-2) were detected exclusively in the sediment. Critical data for testing
the hypothesis were collected using a novel bubble catcher that trapped naturally emanating seep gas
bubbles and any attached particles approximately 15 cm above the seafloor. Bubble catcher experiments
were carried out directly above a natural bubble seep vent and at a nearby reference site, for which an
“engineered” nitrogen bubble vent without sediment contact was created. Our experiments indicate the
existence of a “Bubble Transport Mechanism”, which transports MOB from the sediment into the water
column. In contrast, ANME-2 were not detected in the bubble catcher. The Bubble Transport Mechanism
could have important implications for the connectivity between benthic and pelagic methanotrophic
communities at methane seep sites.

& 2015 Elsevier Ltd. All rights reserved.

1. Introduction

After water vapor and carbon dioxide (CO2), methane is the
most relevant greenhouse gas on earth, contributing about 20% to
radiative forcing by well-mixed greenhouse gases on a century
timescale (IPCC, 2013). Significant natural marine methane sources
are mud volcanoes (Etiope and Klusman, 2002), hydrothermal
systems (Schmale et al., 2012b), and cold hydrocarbon seeps (Judd
and Hovland, 2007). Due to global warming, flooded permafrost
(Shakhova et al., 2010) and submarine Arctic gas hydrates (Berndt

et al., 2014; Westbrook et al., 2009) are currently under debate as
additional drivers for increasing marine methane emissions to the
atmosphere.

Due to their high organic matter content, continental slope and
marginal sea sediments have huge methane generation potential
by biogenic or thermogenic processes (Judd and Hovland, 2007;
Reeburgh, 2007). In areas where methane is present in sediment
pore fluids or in the water column, it serves as an important en-
ergy and carbon source for a complex microbial community
(Knittel and Boetius, 2009; Valentine, 2011). Depending on the
availability of methane and either oxygen or sulfate, microbial
methane oxidation in the marine environment is conducted by
aerobic methane-oxidizing bacteria (MOB) and anaerobic metha-
notrophic archaea (ANME), respectively. Although ANME activity
is more relevant in the sediment, MOB represent the dominant
microbial methane sink in the water column. MOB can be
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subdivided into the three main groups, Type I, II and X (Hanson
and Hanson, 1996). There are three phylogenetically distinct
groups of ANME (ANME-1, 2, and 3), which are commonly asso-
ciated with sulfate-reducing bacteria (Knittel et al., 2005). This so
called “benthic methane filter” (Sommer et al., 2006) is very effi-
cient and removes a major fraction of upward-migrating, dissolved
methane in sediments by converting it into carbonates (Peckmann
et al., 2001) and biomass (Nauhaus et al., 2007). In addition to
sediment processes, the pelagic methane filter is dominated by
MOB that decrease dissolved water column methane before it can
enter the atmosphere (Reeburgh, 2007). In the water column,
time-scales of microbial methane degradation below the wave-
mixed layer are relatively short compared to ventilation to the
atmosphere, preventing contribution from deep methane to at-
mospheric methane budgets (Rehder et al., 1999). However, me-
thane bubbles largely bypass the benthic and pelagic microbial
filter, enabling highly efficient transport of methane from the se-
diment towards the sea surface. Dissolution of bubbles rising from
the seabed elevates methane concentrations in the overlying wa-
ter column (McGinnis et al., 2006; Schmale et al., 2010). The ver-
tical distribution of such dissolved methane from gas plumes and
hence the potential for atmospheric impact depends on (a) water
depth, (b) initial bubble size and gas fraction therein, (c) bubble
dissolution kinetics, (d) local oceanographic conditions such as
currents and density stratification (Leifer and Patro, 2002; Schmale
et al., 2010), and (e) microbial methane oxidation (Valentine et al.,
2001). Recent studies in the water column surrounding hydro-
carbon seeps indicated an elevated abundance of methanotrophic
microorganism in the near field of gas bubble plumes (Schubert
et al., 2006). The enhanced methane concentration in the seep-
affected water column stimulates the activity of methane oxidizers
(Valentine et al., 2001) and might lead to a rise in the abundance
of methane-oxidizing microbes in the aging plume water as was
shown by Crespo-Medina et al. (2014) in the Deepwater Horizon
plume and by de Angelis et al. (1993) in an aged hydrothermal
plume.

Laboratory (Zhou and Mopper, 1998), modeling (Sadhal and
Johnson, 1983), and field studies (Leifer and Clark, 2002) show that
bubbles vertically transport surface-active substances (surfac-
tants). Surfactants are compounds with hydrophobic and hydro-
philic characteristics, which readily attach to gas/water interfaces
(Schaefer et al., 1998; Wan and Wilson, 1994). To this group of
substances belong colloidal, surface active particles which can
consist of mineral particles (clay), organic macromolecules (pro-
teins, lipids, and hydrocarbons), and even bacteria and viruses
(Wan and Wilson, 1994).

Laboratory studies have shown that the accumulation of mi-
croorganisms on bubble surfaces facilitates their transport through
a sandy matrix (Powelson and Mills, 1998; Wan et al., 1994). In
contrast to studies regarding the transport of colloids on gas/water
interfaces within groundwater environments (e.g., Powelson and
Mills, 1998; Wan andWilson, 1994; Wan et al., 1994), the relevance
of this transport mechanism for the marine environment is dis-
cussed only rudimentarily in the literature (Leifer and Judd, 2002;
Schubert et al., 2006). The accumulation of particles at the sea
surface/atmosphere interface and the controlling mechanisms
have long been the subject of different scientific investigations
(e.g., Cunliffe et al., 2013; and references therein). In this interface,
wind-driven surface-waves break and form bubble clouds. This
well-studied mechanism sparges particles and surface active
substances in the upper water column and transports them to the
sea-surface microlayer (Bezdek and Carlucci, 1972; Wallace and
Duce, 1978). This transport mechanism is hypothesized to influ-
ence microorganism abundance and microbial community di-
versity in the sea-surface microlayer (Cunliffe et al., 2013). La-
boratory studies also show that bacterial enrichment at the sea-

surface (the so-called bacterioneuston) affects air-sea gas ex-
change (Upstill-Goddard et al., 2003).

Studies at the sediment/water interface showed that re-
suspension (Shimeta et al., 2002) and submarine fluid discharge
(Campbell et al., 2013) can transport microorganisms from the
sediment into the water column and that these transport me-
chanisms have implications on the microbial community structure
within the water column. Here, we hypothesize that a bubble-
mediated transport mechanisms between the benthic and pelagic
habitats represents an additional exchange process. More specifi-
cally, for an environment influenced by gas seepage, we hy-
pothesize that gas bubbles transport methanotrophic micro-
organisms from the sediment into the water column, a process we
termed the “Bubble Transport Mechanism”. This hypothesized
mechanism would influence the water column methanotrophic
community, thereby indirectly providing feedback mechanisms for
dissolved methane concentrations in the water column with the
potential to impact the sea/atmosphere methane flux. To test our
bubble transport hypothesis we conducted a pilot field study at a
natural gas bubble seepage area (informally named Rostocker
Seep) in the Coal Oil Point seep field, offshore Southern California,
USA. Key to this pilot study was the development of a bubble
collection device (bubble catcher) that collected gas bubbles after
they emerged from the seafloor together with any attached sur-
factant particles.

2. Material and methods

2.1. Study site

The Santa Barbara basin (California, USA) contains one of the
world's largest and best investigated hydrocarbon seep fields, the Coal
Oil Point seep field (Allen et al., 1970; Clark et al., 2003; Hornafius
et al., 1999; Fig. 1). The seep field is located in water depths between a
fewmeters and 80m, extending from near the beach to 3 km offshore
(Hornafius et al., 1999; Leifer et al., 2010). Seepage is concentrated
above the Coal Oil Point and South Ellwood Anticlines, which harbors
Miocene age oil in the Monterey Formation (Fischer, 1977).

A wide diversity of seepage has been documented in the Coal
Oil Point seep field from sporadic single bubble vents releasing
gentle bubble emanations to intense high-flow vents that span a
broad range of bubble sizes, although generally radius r41000 mm
(Leifer, 2010). Mean seep gas composition is 87.5% methane, 5.1%
ethane, 3.1% propane and 1.3% carbon dioxide along with trace

Fig. 1. Map of sonar-derived seepage activity in the Coal Oil Point (COP) seep field.
Adapted from Leifer et al. (2010). Rostocker Seep (red dot) is at 34°24.230′N;
119°50.428′W.
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